Spectroscopic and spectropolarimetric observations of the pre-main sequence early-G star HD 141943 were obtained at four observing epochs (in 2006, 2007, 2009 and 2010). The observations were undertaken at the 3.9-m Anglo-Australian Telescope using the UCLES echelle spectrograph and the SEMPOL spectropolarimeter visitor instrument. Brightness and surface magnetic field topologies were reconstructed for the star using the technique of least-squares deconvolution to increase the signal-to-noise of the data.
INTRODUCTION
The generation of magnetic fields is arguably one of the most important process operating inside a star affecting ev-
Stephen.Marsden@jcu.edu.au (SCM); mmj@st-and.ac.uk (MMJ); jramirez@astroscu.unam.mx (JCRV); evelyne.alecian@obs.ujf-grenoble.fr (EA); brownca@usq.edu.au (CJB); carterb@usq.edu.au (BDC); donati@obs-mip.fr (J-FD); n.j.dunstone@googlemail.com (ND); rhodes.hart@usq.edu.au (RH); Meir.Semel@obspm.fr (MS); waite@usq.edu.au (IAW) erything from the angular momentum evolution of the star through to the habitability of any planets around the star. In the solar case the magnetic dynamo is believed to operate in an interface layer between the differentially rotating convective zone and the radiative zone which rotates as a solid-body (Parker et al. 1993) . However, for young, rapidly-rotating solar-type stars evidence is growing that such stars may in fact have a different dynamo mechanism. It has been suggested (Donati et al. 2003 ) that such stars may in fact house distributed dynamos, i.e. dynamos which operate across the entire convective zone, rather than be-ing restricted to the interface-layer as in the solar case. The strongest evidence for this are large regions of nearsurface azimuthal magnetic field seen on such stars (i.e. Donati et al. 2003; Marsden et al. 2006a) . Such regions are believed to be the near-surface toroidal components of the large-scale dynamo field. In a solar-like interface-layer dynamo such fields should not be seen near the stellar surface and thus it is postulated that a distributed dynamo is operating in young, rapidly-rotating solar-type stars.
Most current dynamo models are based on our understanding of the Sun and are tailored to reproduce solar observations (see Parker et al. 1993; Charbonneau 2005 ). Such models usually involve an interface layer dynamo which, as discussed, may not apply to young solar-type stars, but there are some different dynamo models that have been examined. For example, the dynamo operating in fully convective stars (i.e. Browning 2008), or near-surface dynamos (i.e. Brandenburg 2005) or rapidly-rotating solar models with no interface layer (i.e. Brown et al. 2010) . Still the operation of stellar magnetic dynamos is not well understood.
One of the most direct ways of observing the stellar dynamo is through the observation of the global magnetic field on the surface of a star. Zeeman Doppler imaging (ZDI, Semel 1989; Donati & Brown 1997) has been used for a number of years now to observe the magnetic field configurations of solar-type stars (i.e. Donati et al. 1992 Donati et al. , 1999 Donati & Collier Cameron 1997; Donati 1999; Petit et al. 2004a Petit et al. ,b, 2008 Marsden et al. 2006a; Jeffers & Donati 2008; Dunstone et al. 2008) and there is now a growing body of observations of the surface topologies of other stars that any stellar dynamo models needs to be able to reproduce. Donati & Landstreet (2009) have summarised many of the observations of the magnetic fields of non-degenerate stars and for young solar-type stars (i.e. those with Rossby numbers ∼ < 1 and more massive than ∼0.5 M⊙) they find that these stars produce substantial toroidal fields and have mostly non-axisymmetric poloidal fields. For more mature stars, Petit et al. (2008) have shown that for solar-type stars with rotation periods faster than ∼12 days the global magnetic field of the star appears to be dominated by toroidal field with poloidal field being by far the most dominant field configuration for stars with slower rotation rates. This could indicate a change in the dynamo mechanism for solar-type stars rotating faster than ∼12 days. Such observations have yet to be modelled in stellar dynamo theory.
Doppler images of the surface spot topology of young solar-type stars show that they almost universally have large polar spot features (i.e. Barnes et al. 2000 Barnes et al. , 2001a Donati et al. 2003; Marsden et al. 2005b Marsden et al. , 2006a . This is in contrast to the predictions of current dynamo theory (i.e. Schussler et al. 1996; Granzer et al. 2000; Granzer 2004) and it has been suggested that a strong meridional flow may be responsible for transporting these spots from their emergence latitudes to the polar regions. This may also explain the mixed polarity of magnetic fields seen on the polar regions of many stars (see Mackay et al. 2004) .
Although great progress has been made, our knowledge of stellar magnetic dynamos is still in its infancy. How the operation of the stellar magnetic dynamo depends on basic stellar parameters such as age, mass and rotation rate is still unknown.
One of the most obvious effects of the solar dynamo is the reversal of the Sun's global magnetic topology every ∼11 years, but so far only two other solartype stars have shown evidence of global magnetic polarity reversals, HD 190771 (Petit et al. 2009 ) and Tau Boo Fares et al. 2009) . No strong evidence for a global polarity reversal has yet been seen on a young solar-type star, even though some, for example AB Dor (Donati & Collier Cameron 1997; Donati et al. 1999 Donati et al. , 2003 have been observed for a number of years. Thus it is still unknown if young solar-type stars undergo regular magnetic cycles like the Sun or have chaotic cycles, as indicated by the Calcium HK emission of young stars (Baliunas et al. 1995) . For young solar-type stars the available spectropolarimetric observations are mainly of K-stars (i.e. Donati et al. 2003) . At present there is only one young early-G star for which spectropolarimetric observations have been published in a refereed journal, HD 171488 (Marsden et al. 2006a; Jeffers & Donati 2008; Jeffers et al. 2010) , with preliminary results for the late-F star HR 1817 (Mengel 2006; Marsden et al. 2006b Marsden et al. , 2010a being published as conference proceedings.
As part of a study into the magnetic topology and cycles of young late-F/early-G stars this paper along with that of Marsden et al. (2010b, Paper II) and Waite et al. (2010) , presents spectropolarimetric observations of two early-G pre-main sequence (PMS) stars. This paper and Paper II deals with the observations of the young early-G star HD 141943, while the Waite et al. (2010) paper deals with observations of the similarly aged but more massive HD 106506.
HD 141943 was first identified by Waite et al. (2005) as a potential target for spectropolarimetric observations. It is active (Log(LX) = 30.7 erg s −1 , Cutispoto et al. 2002) and bright (V = 7.9, Cutispoto et al. 2002) . It also has a very strong Lithium line (ALi = 3.3, Cutispoto et al. 2003) indicating its youth (∼15 Myrs, Cutispoto et al. 2003) and it is what we class as a moderately rapid rotator with a v sini ∼38 km s −1 (Cutispoto et al. 2003 ) and a period of 2.20 ± 0.03 days (Cutispoto et al. 1999 ). According to Hillenbrand et al. (2008) HD 141943 is also possibly host to a ∼85 K debri disk. This paper (Paper I) describes the evolution in both the brightness (reconstructed at 4 epochs) and magnetic (reconstructed at 3 epochs) topologies of HD 141943 taken at the Anglo-Australian telescope (AAT). A further paper on HD 141943 (Paper II) discusses the differential rotation, Hα emission and coronal magnetic field maps reconstructed from these observations.
OBSERVATIONS AND DATA REDUCTION
HD141943 was observed at 4 epochs on the 3.9-m AAT, in and 12 nights respectively. A log of the observations is given in Table 1 . The rotational phase of the observations was determined from the following ephemeris:
where HJD is the Heliocentric Julian date of the observation and φ is the rotational phase. The SEMPOL spectropolarimeter involves a fibre feed from the Cassegrain focus of the AAT to UCLES, where the two polarisation states (in this case left-and right-hand circular polarisation) are outputted in two fibres to UCLES with both polarisation states being recorded simultaneously on the detector. The basic construction of the SEMPOL polarimeter consists of a quarter-wave plate (or quarter-wave Fresnel rhomb, depending on instrument setup) and a halfwave Fresnel rhomb. Spectropolarimetric observations in circularly polarised light (Stokes V) consist of a sequence of four exposures. Between the exposures the half-wave Fresnel rhomb is rotated between +45
• and -45
• . Thus the polarisation in each output fibre is alternated resulting in the removal of spurious polarisation signals from the telescope and polarimeter (at least to a first order approximation). Due to throughput loses in the spectropolarimeter setup the signal-to-noise (S/N) of spectropolarimetric data is usually lower than that obtained for straight spectroscopic observations. Further information on the operation of the SEMPOL spectropolarimeter can be found in Semel et al. (1993) and Donati et al. ( , 2003 .
As each Stokes V observation consists of 4 exposures this means that we generally have 4 times the number of Stokes I (intensity) observations as we do Stokes V. Note however that due to poor weather during some runs there are a few sequences on HD 141943 where we were only able to obtain a sequence of two exposures (see Table 1 ). The Stokes V profile can still be extracted from just two exposures, but with typically lower S/N.
The same detector and wavelength setup was used for all 4 observing runs. The detector was the EEV2 CCD with 2048 × 4096 13.5 µm square pixels. As the EEV2 is larger than the unvignetted field of UCLES a smaller window format (2048 × 2746 pixels) was used to reduce readout time. Using the 31 gr/mm grating, 46 orders (#129 to #84) were observed, giving a full wavelength coverage from ∼4380Å to ∼6810Å. For the May 2006 observations the chip was binned by 2 in the spectral direction and a 1 arcsec slit was used providing a resolution of ∼50,000 (i.e. ∼6.0 km s −1 ). For the spectropolarimetric observations (in 2007, 2009 and 2010) there was no binning and the fibre feed provided a resolution of ∼70,000 (i.e. ∼4.3 km s −1 ). All raw frames were reduced into wavelength calibrated spectra using the ESpRIT (Echelle Spectra Reduction: an Interactive Tool) optimal extraction routines of . As the Zeeman signatures in atomic lines are extremely small (typical relative amplitudes of 0.1 per cent or less) we have applied the technique of Least-Squares Deconvolution (LSD, to the over 2600 photospheric spectral lines in each echelle spectrum in order to create a single high S/N profile for each observation. The line mask used for the LSD was a G2 line list created from the Kurucz atomic database and ATLAS9 atmospheric models (Kurucz 1993 ).
The peak S/N of the initial Stokes I observations ranged from 30 to 260 (depending on observing conditions) while the peak S/N for the Stokes V observations (combining 2 or 4 exposures) was 50 to 330. LSD has been applied to both the Stokes I and Stokes V data resulting in S/N values of 540 to 930 for the Stokes I profiles and 1450 to 11600 for the Stokes V profiles. This corresponds to a multiplex gain of ∼4 -10 for the Stokes I observations and ∼35 for the Stokes V observations. The multiplex gain for the Stokes I profiles is significantly less than that for the Stokes V profiles because, as pointed out by , the technique of LSD appears to be not as suited to Stokes I as it is to Stokes V. In addition, the calculated S/N of the Stokes I LSD profiles are usually somewhat underestimated (see Section 4.1). Further information on LSD can be found in and Kochukhov, Makaganiuk & Piskunov (2010) .
In order to correct for wavelength shifts of instrumental origin, each spectrum was shifted to match the Stokes I LSD profile of the telluric lines contained in the spectrum, as has been done by Donati et al. (2003) and other authors. This reduces the relative radial velocity shifts of the LSD profiles to ± ∼0.1 km s −1 .
FUNDAMENTAL PARAMETERS OF HD 141943
In order to determine the surface topologies of HD 141943 the ZDI code needs to know several basic stellar parameters, namely the v sini, radial velocity, inclination of the rotation axis to the observer, and the temperature of the photosphere and spots on the stellar surface. The v sini and radial velocity are determined using the χ 2 -minimisation technique of Barnes et al. (2000) . This is simply using those parameters that give the best fit to the dataset (lowest reduced χ 2 values).
According to Hillenbrand et al. (2008) HD 141943 is at a distance of 67 pc, has an effective temperature of 5805 K and a luminosity of 2.7 L⊙. Now these latter two values will be slightly higher for an unspotted star, but we do not know the spottedness of the star when the Hillenbrand et al. (2008) determinations were made. Given the level of spottedness shown on HD 141943 (see Section 4.1) we have assumed a spot coverage of 0% to 5% with the most likely coverage being 3%. This assumption, along with a spot-photosphere temperature difference of ∼1900 K (calculated from Fig. 7 of Berdyugina 2005) , gives a photospheric temperature of ∼5850 K, a spot temperature of ∼3950 K and an unspotted luminosity of ∼2.8 L⊙.
As there are no error measurements given for the Hillenbrand et al. (2008) measurements we have assumed an error of ± 100 K in the photospheric temperature and ± 0.1 L⊙ in the luminosity. These, along with the uncertain spot coverage at the time of the Hillenbrand et al. (2008) determinations and a v sini of 35 ± 0.5 km s −1 , imply that HD 141943 has a radius of ∼1.6 ± 0.15 R⊙ and an inclination angle of ∼70
•+20
• −10 • . With a high inclination angle our imaging code (see Section 4) has difficulty determining if features are located in the Northern or Southern hemisphere so we have limited the inclination angle range to 70
• ± 10
• . Table 2 lists the basic stellar parameters of HD 141943 that we have determined for this study. As mentioned, there are no error measurements given for the Hillenbrand et al. (2008) measurements of effective temperature and luminosity, so the estimations of the errors in the stellar parameters of HD 141943 may well be underestimates.
From the values for photospheric temperature and unspotted luminosity we can determine the mass and age of HD 141943 from the evolutionary models of Siess, Dufour & Forestini (2000), see Fig. 1 . This makes HD 141943 a ∼1.3 M⊙ star of age ∼17 Myrs, in reasonable agreement with the values from Cutispoto et al. (2003), and thus it can be classified as a PMS star.
Is HD 141943 a binary?
Nordström et al. (2004) took 7 radial velocity measurements of HD 141943 over a 2979 day period (epochs and measurements were not given). Based on the fact that the standard error of each measurement was less than the standard deviation of the measurements they determined that HD 141943 only has a 31.4 per cent chance of having a constant radial velocity.
Our own radial velocity measurements also show some level of variation. Taking the radial velocity measurement of Waite et al. (2005) along with ours (Cutispoto et al. 1999 has some radial velocity measurements but the errors are too large to be useful) we have listed them in Table 3 Table 2 . Fundamental parameters of HD 141943 used/found in this study. The age and mass are from the theoretical isochrones of Siess et al. (2000) given in Fig. 1 and the equatorial rotation period has been determined from the differential rotation, see Paper II
Parameter value
see Table 3  Inclination 
IMAGES OF HD 141943
A surface image of a rapidly-rotating star can be generated through the inversion of a time series of Stokes I (brightness images) or Stokes V (magnetic images) profiles. The brightness and magnetic topologies of HD 141943 were created using the ZDI code of Brown et al. (1991) and Donati & Brown (1997) using a linear limb-darkening coefficient of 0.66. As the inversion is an ill-posed problem, an infinite number of solutions can be found that fit the data to the noise level. Therefore a regularisation scheme is usually introduced to determine a unique solution with the role of the regularisation scheme being reduced with high quality data. Our imaging code uses the Skilling & Bryan (1984) maximum-entropy regularisation scheme. This scheme has the effect of producing images with the minimum amount of information required to fit the data to the noise level.
Brightness images
The imaging code to reconstruct the spot features on HD 141943 uses a two-temperature model (one for the spots and the other for the unspotted photosphere) as described by Collier Cameron (1992) . Each pixel on the stellar surface is reconstructed for spot occupancy (the local relative area occupied by cool spots) and varies from 0 (no spots) to 1 (maximum spottedness). Following on from Unruh & Collier Cameron (1995) , who showed that there is little change in spot topology when using a synthetic profile over profiles created from slowly rotating comparison stars, we have used Gaussian profiles to represent the profiles of both the spots and the photosphere. This is almost standard practice now with a number of previous works doing the same (i.e. Petit et al. 2004b; Marsden et al. 2005b Marsden et al. , 2006a Jeffers & Donati 2008) . As has done for the two previous young early-G stars for which spot topologies have been obtained by this method (R58, Marsden et al. 2005b and HD 171488, Marsden et al. 2006a) we have used the same Gaussian to represent both the spot and photosphere. The full-width at half-maximum (FWHM) of the Gaussians used were slightly different for the spectroscopic and spectropolarimetric data sets, with a FWHM of 10 km s −1 used for the spectroscopic data set and a FWHM of 9 km s −1 used for the spectropolarimetric data sets. These FWHM were determined from matching the FWHM of the Moon's LSD profile taken with the same instrumental setup during each observing run.
The maximum-entropy brightness images for HD 141943 for the 4 observing epochs are shown in Fig. 2 The brightness images of HD 141943 show that at all 4 epochs HD 141943 had a smallish polar spot and numerous low-latitude features situated mostly between the equator and ∼+30
• latitude. In the May 2006 image (Fig. 2 ) there appears to be some features below the equator and above +30
• . However, as there are no observations around these phases it could well be that the code has had trouble determining the latitude of spot features that are only seen in the wings of the profiles.
The spot filling factor (the level of spot coverage over the entire stellar surface) is also very similar over the 4 epochs. In 2006 the spot coverage was 2.1 per cent, in 2007 it was 3.1 per cent, in 2009 2.7 per cent and in 2010 it was 2.9 per cent. The reason for the slightly lower value of spot coverage for the 2006 dataset may well be due to the limited phase coverage of the observations, see Fig. 2 . Thus some spots in these observing gaps may not have been recovered.
The variation in spot occupancy with stellar latitude is given in Fig. 10 , which plots fractional spottedness versus stellar latitude. Fractional spottedness is defined as:
where, S(θ) is the average spot occupancy at latitude θ and dθ is the latitude width of each latitude ring. It has been reported that active solar-type stars show evidence of active longitudes, where certain longitudes (usually two longitudes around 180
• apart) are more active than others on the stellar surface (i.e. Berdyugina & Tuominen 1998; Järvinen et al. 2005) . In order to test this we have plotted the average spottedness versus stellar rotational phase for all 4 epochs of HD 141943 observations. This is displayed in Fig. 11 . In case the polar spot is affecting the results we have plotted the average spottedness for both (a) 0
For the 2006 and 2009 datasets there is very little evidence for active longitudes on the stellar surface and the limited phases observed in these datasets may well be influencing this result. For the well sampled 2007 dataset, and looking at the top-left image in Fig. 3 , there appears to be a slight enhancement of the lower-latitude spots around phases ∼0.25 and ∼0.55. However as shown in Fig. 11 (b) these enhancements are rather broad. For the 2010 dataset there appears to be an increase in the spot coverage at phase ∼0.00. However, this is reduced when only considering lowlatitude features (Fig. 11(b) ) and when looking at the topleft image in Fig. 5 the enhancement could be caused by the extension of the polar spot to slightly lower-latitudes around phase ∼0.00 in the 2010 epoch. There would not appear to be any evidence of another active longitude on the star in 2010. We do not feel that these represent strong evidence for active longitudes on HD 141943.
Magnetic images
The magnetic field topology for HD 141943 has been reconstructed for three epochs using the modelling of Donati & Brown (1997) and including the spherical harmonic expansion of the surface magnetic field by Donati et al. (2006) . The magnetic reconstruction is done assuming a generalised potential field plus a toroidal field using a high order (l ≤ 30) spherical harmonic expansion. A limit of lmax = 30 was chosen for the spherical harmonic expansion, as beyond this limit the magnetic topologies remain essentially unchanged.
Various weighting schemes can be applied to the spher- ical harmonic expansion so that the reconstruction favours different magnetic field topologies. Following the principle of Occam's razor, we have used a weighting scheme that favours "simpler" magnetic fields (i.e. those with lower l values) while still reconstructing a similar overall magnetic topology to an unweighted reconstruction. Details of the spherical harmonic technique can be found in Donati et al. (2006) .
It should be noted that the April 2009 dataset can be modelled using a purely potential field without the need to include a toroidal field, but this may be due to the limited data in the 2009 observations. The March/April 2007 and March/April 2010 datasets however, cannot be modelled to a reduced χ 2 value of 1.0 without the inclusion of a toroidal field component. Thus we have assumed a potential field plus toroidal field when modelling all three datasets.
Using the Stokes V LSD profiles the magnetic imaging code reconstructs images of radial, azimuthal and meridional field on the stellar surface, assuming a weak magnetic field and a constant Gaussian profile over the stellar surface (see Donati et al. 2003) . Radial field is defined as field in/out of the stellar surface, with positive field being field lines directed outward from the surface. Azimuthal field is defined as field wrapped around the rotational axis of the star, with positive being defined as counterclockwise. Meridional field is defined as field following lines of longitude north and south, with positive being northward. Table 4 list the magnetic quantities derived from the magnetic maps in Fig. 3, Fig. 4 and Fig. 5 and Fig. 15 plots these values out. As done in Petit et al. (2008) we have varied the input parameters (namely inclination angle, v sini, rotational period and differential rotation) Figure 5 . Maximum entropy brightness and magnetic image reconstructions for HD 141943, March/April 2010. The images are flattened polar projections as described in Fig. 2 . The brightness image (top-left) has a spot filling factor of 0.029 (or 2.9 per cent), while the magnetic images have a mean field modulus of 70.9 G. The images incorporate the measured surface differential rotation, see Paper II. Note the different scale in the magnetic images compared to Fig. 3 and Fig 4. by the errors given in Table 2 and Paper II to determine the possible errors in the magnetic quantities given in Table 4. These errors apply only for the simplified weighting scheme we have used in our reconstructions (see above) and assuming a potential plus toroidal field in the magnetic field reconstruction. They are thus likely to be lower-limits.
The reconstructed magnetic topology maps shown in Fig. 3, Fig. 4 and Fig. 5 show the maximum entropy reconstruction of the large-scale magnetic topology of HD 141943 at the three epochs, 2007.257, 2009.273 and 2010.244 . The magnetic imaging code mainly reconstructs the large-scale magnetic topology on the stellar surface of the star, as magnetic flux that is contained in small dipoles below the resolution limit of the observations (∼11
• in longitude at the stellar equator) is likely to cancel out and not be recovered.
As has been previously described (i.e. Donati & Brown 1997 ) the technique of ZDI sometimes suffers cross-talk between radial and meridional components of the magnetic field for low-latitude features. However, this effect is mainly present in stars with low inclination angles. Given the relatively large inclination angle of HD 141943 (i ∼ 70
• ) this effect should be minimal. Conversely the sensitivity of ZDI to low-latitude meridional fields decreases significantly with an increase in stellar inclination, and thus the meridional field topologies of HD 141943 (lower-right images of Fig. 3, Fig. 4 and Fig. 5 ) may well miss some meridional field that has not been reconstructed. However, given the lack of meridional field seen on most active stars we believe that if there is any missing field it should be minimal.
In the April 2009 observations, there is a large gap in the observations between a phase of ∼0.45 to ∼0.75. This is most likely to have an effect on the recovered radial magnetic field (as ZDI is mostly sensitive to radial field around the phase of the observation and to azimuthal field around 0.2 phase from the observation). This could explain the slightly lower intensity of the radial magnetic features (top-right image of Fig. 4 ) at these phases and may well mean that the Table 4 . Magnetic quantities derived from the magnetic maps in Fig. 3, Fig. 4 and Fig. 5 . The first column is the epoch of the observation, while the second column is the mean field modulus over the stellar surface. The third and fourth columns are the per cent of the large scale magnetic energy in the reconstructed poloidal and toroidal field components. The fifth, sixth and seventh columns are the per cent of the poloidal magnetic energy in dipole (l = 1), quadrupole (l = 2) and octupole components (l = 3), while the eighth, ninth and tenth columns are the same for the toroidal field. Columns 11 and 12 are the per cent of the poloidal and toroidal field that are axisymmetric (m = 0). per cent of poloidal magnetic energy in Table 4 is slightly underestimated for the April 2009 observations.
The first thing to notice from Table 4 As was done for the spot features, the variation in magnetic field with stellar latitude is given in Fig. 16 . This is again determined using equation 2, but with S(θ) representing the value of the magnetic field at each latitude rather than spot occupancy. We have also determined the variation in magnetic field with longitude, averaging the absolute value of the magnetic field at each longitude. This is shown in Fig. 17 . Fig. 16 shows that the radial magnetic field of HD 141943 is predominantly negative at all epochs for latitudes above ∼0
• . The azimuthal field is predominantly positive at all latitudes in 2007 and 2010 but in 2009 it is positive at high latitudes and predominantly negative at latitudes below ∼60
• . Although we feel that this change in the azimuthal field, along with the change in the ratio of poloidal/toroidal field, is possible evidence for a changing magnetic field on HD 141943, we cannot rule out the poor 2009 dataset being responsible. As with the brightness images, Fig. 17 shows little or no evidence of active longitudes in the magnetic fields on HD 141943. Table 4 for the poloidal field (right-hand plot) and toroidal field (left-hand plot). The solid line is the per cent of the large scale energy in the reconstructed poloidal or toroidal field components, the percent of the poloidal or toroidal magnetic energy in dipole (dot-dashed line), quadrupole (dashed line) and octupole (dotted line) components are also given. The percent of the poloidal or toroidal field that is axisymmetric is plotted as a triple-dot-dashed line. Figure 17 . Average of the absolute value of the radial magnetic field (upper plots) and the azimuthal magnetic field (lower plots) versus stellar rotational phase for HD141943, averaged over 0 • to +90 • (left-hand plots) and 0 • to +60 • (right-hand plots) latitude. As was done in Fig. 11 , the phase has been binned into 0.1 steps to remove any small scale variations.
DISCUSSION
HD 141943 is only the second (or third including the results for HD 106506 by Waite et al. 2010 ) young early-G star for which the large-scale magnetic topology has been determined, the other being HD 171488 (Marsden et al. 2006a; Jeffers & Donati 2008; Jeffers et al. 2010) . However, there have been five young early-G stars for which spot maps and differential rotation measures have been determined (and a number of others that have just spot maps, see Table 4 in Strassmeier et al. 2003) . Along with HD 141943, HD 171488 and HD 106506, the other two stars are, R58 (Marsden et al. 2005a,b) and LQ Lup . For comparative purposes in this discussion the stellar parameters of all these five stars are given in Table 5 .
Spot topology
The surface spot topology of HD 141943 at four epochs is shown in Fig. 2, Fig. 3 (top-left image) , Fig. 4 (top-left image) and Fig. 5 (top-left image) . The 4 maps show that the spot topology of HD 141943 was remarkably consistent over the span of the observations (∼4 years). All maps show that HD 141943 has a smallish polar spot with a number of lowerlatitude features situated predominantly between the equator and +30
• latitude, with only the 2010 epoch showing some significant spot features between +30
• and +60
• latitude at around phase ∼0.90. The total spot coverage for all 4 epochs is also very similar ranging from 2.1 per cent to 3.1 per cent.
Comparing these maps to those of other young early-G stars created using the same imaging code, such as R58 (Marsden et al. 2005b ), LQ Lup , HD 171488 (Marsden et al. 2006a; Jeffers & Donati 2008; Jeffers et al. 2010 ) and HD 106506 (Waite et al. 2010) , it is quite noticeable that while all stars appear to have some lower-latitude features, the polar spot on HD 141943 is significantly smaller than that shown by these other targets. Marsden et al. (2005b) has shown that starspot mapping assuming high stellar inclination angles leads to a dramatic increase in the amount of polar spot features needed to match the observed deviations in the LSD profiles. Given that HD 141943 has a higher stellar inclination than the other stars listed in Table 5 it is not an incorrectly determined stellar inclination that is responsible for the small polar spot on HD 141943.
As can be seen in Table 5 , HD 141943 is the second youngest and second most massive (behind HD 106506) of the young early-G stars so far imaged using this code. It also has the shallowest convective zone (as a function of the stellar radius) and is the slowest rotator of the five. Which of these factors is responsible for the small polar spot seen on HD 141943 is still open for debate. The young early-K star LQ Hya has a rotation rate somewhere between that of HD 141943 and HD 171488 (P ∼ 1.6 d) and has a convective zone depth of ∼0.29 R⋆. In some spot maps LQ Hya also show a smallish polar spot (Donati et al. 2003) , although the maps Table 5 . Comparison of the stellar parameters of the five young early-G stars that have had their spot topology and surface differential rotation measured using Doppler imaging. The first three, HD 141943, HD 106506 and HD 171488, have also had their magnetic topologies imaged. Except where noted, the data for HD 141943 are taken from this paper and Paper II, the data for HD 106506 are from Waite et al. (2010) and that for HD 171488 are from Strassmeier et al. (2003) and Marsden et al. (2006a) . The data for R58 comes from Marsden et al. (2005b) and the data for LQ Lup from Donati et al. (2000) . The values for the depth of the convective zone are from Siess et al. (2000) . basic stellar parameters. Indeed, given the possible variation in the size of the polar spot seen on LQ Hya (Donati et al. 2003) it may well be that young active stars go through cycles where the size of the polar spot varies as has been mentioned by Barnes (2005) .
Granzer (2004) has used thin flux tube models to determine the latitude distribution of spot emergence for young rapidly-rotating stars. Although these models are based on a solar-like interface dynamo (which may not be applicable to such stars, see Section 5.2) it is still interesting to see how well the models compare to the results for HD 141943. Fig. 10 shows that at all 4 epochs HD 141943 has a peak in fractional spottedness around 0
• to +40
• latitude, with another peak around +70
• to +85
• . For a PMS star of 1.0 M⊙ the models of Granzer (2004) predict that the star should have a spot emergence distribution of between +30
• to +70
• latitude with a peak around +50
• . For a 1.7 M⊙ PMS star this distribution is more spread out with a range from +20
• with a peak around +30
• and +40
• . The distribution of fractional spottedness shown in Fig. 10 is not that dissimilar to the combination of the 1.0 M⊙ and 1.7 M⊙ distributions given by Granzer (2004) with the exception that the higher-latitude peak in spottedness is at a higher latitude in our images than predicted by the models. However, the models predict that for the more Zero-Age MainSequence (ZAMS) age stars, such as most of the other stars in Table 5 , the latitude of peak distribution in spots is predicted to decrease, but the more intense polar spots of these stars would appear to indicate that this is not happening.
As suggested by Granzer (2004) a strong meridional flow is pushing most of the spots, which form at lower-latitudes, to the polar region, with stars with deeper convective zones possibly having stronger meridional flows and thus forming more intense polar spots. Such a mechanism might well explain the bimodal spot distribution seen in Fig. 10 with the lower peak in the distribution representing the latitude at which the flux tubes emerge and the polar spot those spots that have been driven to the poles by the meridional flow. Such a mechanism may also explain the non-uniform polar spots seen on a number of stars, if the polar spot is being formed by a number of smaller spot features. This is still just speculative, but Weber, Strassmeier & Washuettl (2005) have shown tentative evidence for large poleward meridional flows on early-K giants.
Large-scale magnetic topology
The maps of the large-scale magnetic topology on HD 141943 from three epochs (Fig. 3, Fig. 4 and Fig. 5) show that the radial field on HD 141943 had a mixed polarity at all latitudes for all epochs. The azimuthal field appears to be dominated by a ring of positive field around the pole at all epochs, although the intensity of the polar ring is reduced in 2009. This is shown in the results from Table 4 , which show that the toroidal field is predominately axisymmetric (∼70 -75 per cent) while the poloidal field is predominately non-axisymmetric (∼70 -80 per cent), with the ratio not appearing to change significantly between the three epochs. The other obvious feature of the azimuthal field is the increase in the amount of negative field on the stellar surface in the 2009 image compared to the 2007 and 2010 images. As these surface regions of radial and azimuthal field are believed to be the poloidal and toroidal components of the large-scale dynamo field, the latitudinal distribution and evolution of these regions are an important window onto the operation of the stellar magnetic dynamo. There appears to be no large-scale magnetic polarity reversal on HD 141943 over the 3 years of observations. This is similar to the young early-G star HD 171488 (Marsden et al. 2006a; Jeffers & Donati 2008; Jeffers et al. 2010 ) and the young early-K stars AB Dor and LQ Hya (Donati et al. 2003) none of which have shown evidence of magnetic polarity reversals over several years of observations. In contrast, a magnetic polarity reversal has been seen on the mature Sun-like star HD 190771 (Petit et al. 2009 ) in 3 years of observations and the mature late-F star Tau Boo has shown two magnetic polarity reversals in the space of ∼2 years Fares et al. 2009 ). However, Tau Boo is host to a "Hot Jupiter" (Butler et al. 1997 ) that may be affecting the star's magnetic cycle.
An axisymmetric field in the form of a ring of azimuthal field around the pole appears to be a common element of active solar-type stars with such a ring also seen on all reconstructed images of the young early-G stars HD 171488 (Marsden et al. 2006a; Jeffers & Donati 2008; Jeffers et al. 2010 ) and HD 106506 (Waite et al. 2010) , as well as being seen on a number of images of the young early-K star AB Dor (Donati et al. 2003) . Such a ring has also been seen on more evolved solar-type stars such as the early-G FK Com star HD 199178 (Petit et al. 2004b ) and the early-K RSCVn star HR 1099 (Donati et al. 2003; Petit et al. 2004a) . Such large-scale regions of azimuthal magnetic field near the surface of these active stars has lead to the belief that such stars have a fundamentally different dynamo in operation than that of the solar-type interface-layer dynamo, as such regions should not be seen near the stellar surface if a solar dynamo were in action. It is thought that such stars contain a distributed dynamo, one that operates throughout the stellar convective zone rather than being restricted to the interface layer (see Donati et al. 2003) .
Such a concept has recently been supported by theoretical models of Brown et al. (2010) which have shown that a stable magnetic dynamo can exist without an interface-layer. These models are based on a rapidly-rotating Sun (up to 3 times the current solar rotation rate) and also show large regions of near-surface "wreaths" of longitudinal magnetic field. These wreaths are similar to the rings of azimuthal field seen on active solar-type stars, except that they are at lower latitudes. Perhaps the higher Coriolis force experienced by the more rapidly rotating stars such as HD 141943 (rotating around 10 times the solar value) are pushing these wreaths to higher latitudes. Table 4 shows that in all epochs both the poloidal and toroidal magnetic fields are very complex with over 50 per cent of the magnetic energy in orders higher than an octupole (except for the poloidal magnetic energy in 2009 which has only 45 per cent of the magnetic energy in orders higher than an octupole). There also appears to be evolution in the magnetic field between the epochs. In 2007 the magnetic energy is reasonably evenly balanced between poloidal and toroidal components (47 per cent to 52 per cent respectively) while in 2009 the poloidal field is extremely dominant (82 per cent to 17 per cent) and in 2010 the magnetic energy is again balanced between the poloidal and toroidal components (50 per cent in each). As explained in Section 4.2, the dataset in 2009 is significantly poorer than those in 2007 and 2010 and this may be having an influence on the reconstruction of the magnetic topology for this epoch. However, when we tried to reconstruct the magnetic topology for the 2007 and 2010 epochs using a small subset of the data similar to that of the 2009 dataset there was virtually no change in the ratio of poloidal and toroidal field. Thus we feel that the change in the poloidal/toroidal ratio seen in 2009 may well be real, but unfortunately we cannot prove this with any certainty. Donati & Landstreet (2009) has looked at the changing magnetic field topologies on stars of different masses and rotation rates (see Fig. 3 in Donati & Landstreet 2009 ). This shows that stars around the mass and rotation rate of HD 141943 (actually preliminary results from the March/April 2007 dataset on HD 141943 are plotted in the figure) fall into an 'active' dynamo regime, which includes stars with Rossby number ∼ < 1 and more massive than ∼0.5 M⊙. These stars produce predominantly non-axisymmetric poloidal magnetic field topologies as well as having significant amounts of toroidal field. At all three epochs studied in this paper HD 141943 does appear to have a predominantly nonaxisymmetric poloidal field (and a predominantly axisymmetric toroidal field), but, as mentioned above, the ratio of poloidal to toroidal magnetic field appears to change for the 2009 epoch.
A change in the ratio of poloidal to toroidal magnetic field has been seen on another star. The previously mentioned mature late-F star Tau Boo (period ∼3 days) shows large changes in its ratio of poloidal/toroidal field during a magnetic cycle, with toroidal field dominating before a global polarity switch and poloidal field dominating after (Fares et al. 2009 ). This could indicate that the changes seen in the ratio of poloidal and toroidal field on HD 141943 are part of a stellar magnetic cycle on the star, however it would mean that it has undergone an extremely rapid evolution of its magnetic field, but has yet to undergo a magnetic polarity reversal. It would be useful to follow HD 141943 on at least yearly timescales to see whether the magnetic field does in fact undergo rapid magnetic evolution and polarity reversals, such as that evidenced by Tau Boo.
As part of the Sun's magnetic cycle, the ratio of dipole to quadrupole components of the magnetic field changes. As can been seen in Table 4 there are significant changes in the percent of magnetic energy in dipole, quadrupole and octupole components for both the poloidal and toroidal fields. 
CONCLUSIONS
HD 141943 is one of the youngest and most massive stars for which we have analysed the surface magnetic topologies for. For young stars it has the shallowest convective zone that we have yet studied. We have presented reconstructed brightness (at 4 epochs) and magnetic (at 3 epochs) topologies of HD 141943. During the four year timebase of the brightness images the spot distribution on HD 141943 has changed very little with a smallish polar spot and a number of lower-latitude features at around 0
• to +30
• latitude, seen at all epochs.
Over three years of observations the pattern of the magnetic topology of HD 141943 also looks at first glance to have experienced relatively little change, with positive and negative radial magnetic field seen at all latitudes and a ring of positive azimuthal magnetic field seen at all epochs. At all epochs the large-scale poloidal magnetic field of HD 141943 is mostly non-axisymmetric while the toroidal field is predominantly axisymmetric. The reconstructed magnetic topologies are rather complex with over 50 per cent of the magnetic energy in components higher than an octupole. When the magnetic images were analysed in more detail we found tentative evidence for a change in the magnetic field in 2009. The ratio of poloidal to toroidal field on HD 141943 goes from almost balanced in 2007 to being heavily dominated by poloidal magnetic field in 2009 and back to balanced in 2010. If real, this variation would indicate magnetic evolution on HD 141943.
